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Abstract

Most Canadian grain (>70% of harvests) is stored on the farm. High moisture content of grain at harvest rapidly leads to
spoilage and occasionally the production of the mycotoxins sterigmatocystin, ochratoxin A, or citrinin. Near ambient drying
systems that consist of an electrical fan at the base of a granary blowing air into a plenum beneath a perforated floor under stored
grain is relatively economical. Heat produced by the fan can dry grain by 2% moisture content in 2 months at a cost for electricity of
Can. $0.87/tonne. Hot air dryers are used on wet grain at harvest to rapidly lower 21% moisture content maize to 15% moisture
content at a cost of Can. $7.80/tonne for propane plus aeration costs to cool the grain. Procedures for safe storage of grain are
outlined and the capabilities and planned use of a new grain storage research facility at the University of Manitoba are discussed.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

On average, 2.0 Bt (billion tonnes) of grains, oilseeds,
and legumes (hereafter referred to as grains) are pro-
duced annually in the world (Statistical handbook, 2000).
The grains need to be stored safely until consumed. A
stored grain bulk is a man-made ecological system in
which deterioration of the stored product results from
interactions among physical, chemical, and biological
factors. The important factors are: temperature, mois-
ture, carbon dioxide (CO,;), oxygen (O,), grain charac-
teristics, microorganisms, insects, mites, rodents, birds,
geographical location, and granary structure (Jayas,
1995). The storage life of grains depends mainly on two
physical factors: temperature and moisture content (Fig.
1). The survival and reproduction of biological agents in
grain are dependent to a great extent on the temperature
and moisture levels (White, 1995). Stored-product insects
can live at temperatures from 8 to 41 °C and inter-gran-
ular relative humidities (r.h.) from 1% to 99% (Sinha &
Watters, 1985). Usually development and multiplication
are optimum near 30 °C and 50-70% r.h. (Howe, 1965;

*Corresponding author. Tel.: +1-204-474-6860; fax: +1-204-474-
7568.

E-mail address: digvir_jayas@umanitoba.ca (D.S. Jayas).

! Address: Cereal Research Centre, Agriculture and Agri-Food
Canada, 195 Dafoe Road, Winnipeg, MB, Canada R3T 2M9.

Sinha, 1973a; Sinha & Watters, 1985) but stop at 18 °C
(Fields & White, 1997). Mites can live at temperatures
from 3 to 41 °C and relative humidities from 42% to 99%
with the optimum for development and multiplication
near 25 °C and 70-90% r.h. Fungi can develop at tem-
peratures from —2 to 55 °C and relative humidities from
70% to 90% with the optimum temperature near 30 °C,
and relative humidity around 80%. There is considerable
variation in optimum conditions for different species.
Localized regions may occur in stored-grain bulks for
optimum development and multiplication of insects,
mites, and fungi even when the average conditions of the
bulk would prevent pest infestation.

Mycotoxins are poisonous metabolites produced by
certain fungal genera, which can infect crops both in the
field and in storage. Toxins produced by storage fungi in
grain in Canada are sterigmatocystin, ochratoxin A, and
citrinin. Several toxins are produced pre-harvest by
Fusarium fungi (D. Abramson, personal communica-
tion). Conditions favoring the development of mycotox-
ins in cereals before and after harvest are not
well-understood, but are of particular importance to
grain-exporting countries concerned with maintaining
high standards of quality in their produce. On-farm
storage is common in the Canadian prairie region, and
granary studies have shown the potential for mycotoxin
formation in several stored cereal grains when they have
high moisture contents (Abramson, Sinha, & Mills, 1980,
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Fig. 1. Safe storage guidelines for canola (MDA, 1987).

1983, 1985, 1990a,b, 1999). Although many cause—effect
relationships have yet to be investigated, some factors
likely to affect mycotoxin formation are: moisture, tem-
perature, time, invertebrate vectors, damage to the seed,
O, and CO; levels, inoculum load, composition of sub-
strate, fungal infection level, prevalence of toxigenic
strains, and microbiological interactions (Abramson
et al., 1999). It has been postulated that crop spoilage,
fungal growth and mycotoxin formation result from the
interaction of several of these factors in stored products
(Abramson, 1991; Frisvad, 1995; Ominski, Marquardt,
Sinha, & Abramson, 1994; Wilson & Abramson, 1992).
An understanding of the factors involved would facilitate
the prediction and prevention of mycotoxin development.

Deterioration of grain and production of mycotoxins
in grains can be reduced by properly drying grain to or
below safe moisture contents (Table 1) and storing it at
cool temperatures in properly designed storage struc-
tures (Jayas, White, & Muir, 1995). Mathematical
models can be used to predict abiotic parameters such as

Table 1
Upper limit of safe moisture contents* for storing grain up to a year
under Canadian Prairie climatic conditions

Crop Moisture content® (% wb)
Wheat 14.5
Oats 14.0
Barley 14.8
Rye 14.0
Flaxseed 10.0
Canola and rapeseed 10.0
Mustard seed 9.5
Peas 16.0
Lentils 14.0
Fababeans 16.0
Buckwheat 16.0
Triticale 14.0
Corn 15.5
Soybeans 14.0
Sunflower seed 9.5
Safflower seed 9.5

#Compiled from CGC (1993).

® For long-term storage (>1 year) in well-engineered structures, the
moisture content should be 1-3% points less than the values listed in
this table. Depending on the climatic conditions of a region, values
given in Table 1 may need to be changed considerably.
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moisture content, inter-granular CO, and grain tem-
perature which can be correlated to changes in levels of
biotic agents and mycotoxin production. This paper
describes the structures commonly used for storage of
grains in Canada, procedures needed to maintain the
quality of grains and the role of mathematical models in
managing stored-grain ecosystems.

2. Canadian system
2.1. Brief description

Canada produces an average of 55 Mt (million ton-
nes) of grains annually (Statistical handbook, 2000).
About 70% of these grains are exported through a well-
planned grain distribution system. Typically the pro-
ducers store their grain on-farm in flat-bottom bins of
about 100 tonne capacity. These cylindrical bins are
made by bolting sections of corrugated steel together
(Fig. 2). Although hopper-bottom bins cost more than
flat-bottom bins per tonne of storage, many farmers are
buying welded-steel hopper-bottom bins (Fig. 3) to store
their grain. The main reasons for the purchase of hop-
per-bottom bins by the farmers are: (i) the ease of grain
handling, (ii) less exposure to grain dust during un-
loading because no shoveling of grain is required, and
(iii) perceived less spoilage in the hopper-bottom bin.
Westeel (a Division of Jannock Steel Fabricating
Company), a major flat-bin manufacturer in Manitoba,
has started manufacturing a hopper-bottom for retro-
fitting to corrugated-steel flat-bottom bins.

Farmers deliver their grain to primary elevators
(grain handling facilities) using farm trucks. The grain is
graded by visual inspection or comparison with stan-
dard samples or both. The standard samples are pre-
pared every year by the Canadian Grain Commission to

Fig. 2. Corrugated steel, flat-bottom bins at Cereal Research Centre
Farm (28 tonne capacity).
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Fig. 3. Welded-steel hopper-bottom bins at Glenlea Research Farm
(56 tonne capacity).

reflect the environmental conditions during harvest.
Railway cars transport the grain from primary elevators
to terminal elevators (export elevators). The terminal
elevators, clean, store and ship grain to export stan-
dards. When needed, grain is typically dried on farms.

2.2. Need for drying grains

It is not always possible to reduce the moisture con-
tent of grains to safe levels in the field because of many
uncontrollable factors. In many countries, price of
grains is high just before the harvest of new crops. By
harvesting grains wet and removing moisture artificially,
farmers or managers of cooperative farms (hereafter
referred to as farmers) may increase their profits. In
other parts of the world where two or three crops are
grown in a year, harvesting grains at high moisture re-
duces the growing season (because the crop is not dried
in the field) for each crop and thus provides farmers
more time for other in-field operations. Harvesting of
“wet” grains increases the harvest period allowing a
longer use of harvesters on mechanized farms or of
scarce manual labor used for harvesting in many parts
of the world. Harvesting of “wet” grains reduces shat-
tering losses in the field. In many years, frequent rains
force farmers to harvest “wet” grains. Therefore, arti-
ficial removal of moisture from grains is a necessity on
all farms (Pabis, Jayas, & Cenkowski, 1998). Grain can
be dried using air at near-ambient or high temperatures
resulting in “near-ambient air’” or “hot air” drying.

2.3. Near-ambient drying system—a relatively slow but
low cost technology

In a typical near-ambient system, the main compo-
nents of the drying system are: a bin to contain bulk
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Fig. 4. Components of a near-ambient grain drying system and the
movement of the drying front (Pabis et al., 1998).

grains, a plenum with a perforated area to introduce air
through the grains, a fan to force air, and one or more
roof vents to exhaust air (Fig. 4). Air is forced through
the bulk at 5 to 40 (L/s)/m?® of grain, depending on the
moisture content, grain is dried in layers and distinct
zones of dry, drying, and wet grain are created in the
bulk (Fig. 4). The configuration of drying patterns and
progress of drying depend on the type of grain being
dried, initial moisture of the grain, condition and
amount of air being forced through the grain, and the
uniformity of air distribution within the grain bulk. A
flat-bottom bin filled to a level surface and equipped
with a fully perforated floor above a plenum provides
the most uniform air distribution through bulk grain.
Many other configurations and size of bins are used for
this purpose. Other configurations of air plenums are
shown in Fig. 5 for flat-bottom bins, and in Fig. 6 for
hopper-bottom bins. In these systems (Figs. 5 and 6), the
main direction of air movement through the grain is
vertically up. Systems are also designed such that air
travels mainly horizontally through grain (Fig. 7a) or
vertically downward through grain (Fig. 7b). Other
designs to introduce air into flat and hopper-bot-
tom bins are continually being developed. Near-ambient
drying can lower the moisture content of canola up to
2% over 2 months after harvest (September—November)
at a cost of Can. $0.87/tonne (the cost in 2002)
(kilowatts of fan x hours x $0.055 per kWh) (Sinha,
Mills, Wallace, & Muir, 1981).

2.4. Hot air dryers

Dryers used for grain drying can be classified based
on: (i) flow of grain (batch, recirculating, and continu-
ous); (ii) relative motions of grain and drying air (con-
current, counter-current, cross, and mixed flow); and
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Fig. 5. Various configurations of partially perforated floors for intro-
duction of near-ambient air for drying grain in flat-bottom bins
(MDA, 1987).
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Fig. 6. An example of a system to introduce near-ambient air for
drying grain in hopper-bottom bins (Pabis et al., 1998).
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Fig. 7. Near-ambient drying systems with mainly horizontal (a) and
vertically downward airflow (b) (Pabis et al., 1998).

Table 2
Maximum safe temperature (°C) of heated air entering grain for drying
for various end uses (Hall, 1980)

Crop End use
Seed Commercial use® Animal feed®

Ear corn 43 54 82
Shelled corn 43 54 82
Wheat 43 60 82
Oats 43 60 82
Barley 41 41 82
Sorghum 43 60 82
Soybeans 43 49

Rice 43 43

Peanuts 32 32

#Higher air temperatures than those listed may be used when the
grain is dried under carefully controlled conditions so that the maxi-
mum temperature of the kernels, at any time, does not exceed those
listed in the table.

(iii) source of heat (solar, propane, and electrical). The
relative motions of grain and drying air only occur in the
continuous flow dryers. Either propane or electrical
sources of heat can be used in all types of dryers.
Therefore, various types of dryers used in the grain in-
dustry can be placed into three groups: batch, recircu-
lating, and continuous (Pabis et al., 1998). When using
hot air for drying grain, grain should not be heated
above the maximum allowed temperature for a partic-
ular end use (Table 2). A typical example of the cost of
drying maize from 21% to 15% using a propane batch
drier is Can. $7.80/tonne (Personal communication,
F. Helen, Oakbank, MB). The dried maize must then
be rapidly cooled by aeration.

3. Procedures for safe storage of grains

Once grain is dry and cool and placed in a weather-
proof and rodent-proof structure it can usually be stored
for long periods without suffering quality loss from
fungal deterioration or insect feeding such as lowered
germination, increased free fatty acids and other bio-
chemical changes (Tipples, 1995). However, if grain is
stored in large bulks without aeration it will be indirectly
affected by the weather. The bulk will retain the heat it
had at harvest in the centre of the bulk (Jayas, Ala-
gusundaram, Shunmugam, Muir, & White, 1994) and
reflect external ambient temperatures near the periph-
ery. In Canada, grain can remain warm (15-20 °C)
throughout the winter (outside temperatures can be as
low as —20 to —30 °C) and air convection currents carry
moisture to the top-centre of the bulk which can result
in localized grain spoilage (Jayas, 1995; Sinha, Yaciuk,
& Muir, 1973) and mycotoxin production (Abramson,
1991).

Insects, mites, and fungi can rapidly increase in moist
and warm grain producing heat, moisture, and CO, by
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respiration (White & Sinha, 1980). Specific climatic
conditions determine which form of spoilage is most
likely to occur (Sinha, 1973b) with mites predominating
in temperate climates, fungi in tropical humid or sub-
tropical humid climates and insects in dry, hot climates.

The practicality of aeration cannot be overstated
because grain is often harvested hot [up to 8 °C warmer
than ambient air temperature at harvest (Prasad, Muir,
& Wallace, 1978)] and wet. In one Canadian study
wheat and barley stored in 550-tonne capacity bins were
monitored for each of 12 annual storage cycles (White
et al., 1999). There were two 3-horse-power (2.25 kW)
fans per bin with 5% of the floor area perforated steel
with a corresponding air plenum. Grain was typically
harvested near 34 °C but with continuous aeration was
<20 °C within 2 weeks so insects and fungi were rarely a
problem and fan operation varied from 221 h in one
year to 678 h in the wettest year. In the wettest 2 years
pockets of molding grain occurred near the floors and
after 1 year of storage 0.7 ppm ochratoxin A occurred in
wheat and 5.2 ppm citrinin, 2.2 ppm ochratoxin A, and
traces of sterigmatocystin were found in the mouldy
barley. The moulded grain was discarded.

Good storage practices have been outlined by White
(2000) and include the following procedures:

e Prepare the bin, before storing the new crop: sweep or
vacuum the floor and walls; burn or bury sweepings
that contain spoiled or infested grain; seal cracks to
keep out flying insects from outside, rain, and snow;
and spray the walls and floors with a recommended
insecticide.

e Install an aeration system to reduce temperature gra-
dients and moisture condensation.

e Dry tough or damp crops soon after harvest as they
are more likely to heat and become infested with in-
sects and mites than dry (straight-grade) crops; then
cool after drying.

e Examine stored crops every 2 weeks for signs of heat-
ing or infestation; either check temperatures, carbon
dioxide levels, and insect activity by traps, or probe
and screen samples.

e Move heated or infested crops into another bin if out-
door temperatures are sufficiently cold to break up
hot-spots and control infestation.

e Check the top of binned crops and remove snow,
if present, before a crust of mold develops.

e If an insect infestation occurs and aeration is not
available, seal the bin and fumigate the grain with
phosphine gas.

4. Role of mathematical models

Experimental studies can be conducted to measure
changes in temperature, moisture content, and gas con-

centration in stored grain. But the large number of biotic
and abiotic factors and their inter-relationships in stored-
grain ecosystems makes full-scale experimental studies
expensive and time consuming, and the generalizations
needed to predict the variables accurately are difficult to
make. Mathematical models, if based on the principles of
physical and biological sciences and properly validated,
can be used to study the effect of various parameters such
as weather, grain condition, and size, shape, and material
of the storage structure on the distribution of tempera-
ture, moisture, and gases (Jayas et al., 1994). The major
advantages of validated models are their ability to answer
“what if?”” questions and their transferability to different
climatic regions of the world. If economic and social
considerations are suitable this transferability can make
the models globally rather than locally applicable as is
expected of experimental studies (Jayas, 1995).

5. Grain storage research facility

A facility has been built at the University of Mani-
toba to conduct research on all aspects of grain storage
(Fig. 8). Examples of potential collaborative research
projects between engineers in the Department of Bio-
systems Engineering at the University of Manitoba and
scientists at the Cereal Research Centre of Agriculture
and Agri-Food Canada are:

Fig. 8. Grain storage research facility at the University of Manitoba.
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(a) to optimize computer control strategies for drying
and aecrating grains, oilseeds, and new crops as they
become important, such as beans, lentils, and peas;

(b) to develop automatic controls for fans for near-
ambient drying and aeration;

(c) to evaluate existing and design new systems to in-
troduce air into the grain for drying and aeration
in hopper-bottom bins;

(d) to determine air conditions and combinations of
methods for drying new crops without detrimental
effects on end-use quality;

(e) to design and evaluate new sensors and automatic
controls for high temperature dryers;

(f) to design and develop new, economically feasible,
drying systems (e.g., infrared and microwave dry-
ing);

(g) to design and evaluate cleaning equipment and ma-
terial handling systems for specialty crops to ensure
quality is preserved;

(h) to develop new cleaning and handling systems that
minimize seed loss during cleaning and handling;

(1) to develop systems to automatically sample, ana-
lyze using machine vision technology, and adjust
cleaning and handling machines to maximize clea-
ner throughput while meeting pre-established clean-
ing tolerances;

() to develop the potential of machine vision technol-
ogy to assist grain inspectors in grain grading and
in detecting insect infestations and fungal damage;

(k) to design systems to kill insects in grain using car-
bon dioxide;

() to design systems to kill insects using high temper-
atures without detrimental effects on grain quality;

(m) to develop aeration strategies to use Canadian cold
ambient-temperatures for controlling insects;

(n) to develop integrated pest management (IPM) strat-
egies;

(o) to develop new grain transport logistics (e.g., con-
tainerized shipping or compacted flour);

(p) to design and develop new equipment for dehulling
pulses;

(q) to measure physical properties, sorption and de-
sorption isotherms, and thermal properties of grain;

(r) to determine storability of new crops, crop products,
new cultivars of established crops, and animal feeds;

(s) to develop processing technologies that uniformly
mix medicinal and nutritional components into
feed; and

(t) other projects of interest to the Canadian and world
grain industry.
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